The influence of intermolecular interactions involving molecular chiral centers on two-dimensional organization in the limit of a weak adsorbate-surface interaction has been studied with low-temperature scanning tunneling microscopy (STM) and density functional theory (DFT). A model system composed of a chiral organic molecule, tartaric acid, and an inert metallic surface, Ag(111), was employed. Dual component films formed from the serial deposition of (S,S)-and (R,R)-tartaric acid enantiomers onto this surface exhibit homochiral domain formation as revealed by molecularly resolved STM images. In contrast, a unique tartaric acid enantiomeric heteropair is experimentally and computationally verified as the basis unit of films formed via the deposition of both enantiomers simultaneously from a racemic (1:1) mixture. The molecular adsorption geometry relative to the Ag(111) lattice in both enantiomerically pure and racemic domains is determined primarily by the interaction of chiral centers between nearest neighbors.
Introduction
An understanding of the mechanisms that drive organization of adsorbates at surfaces is paramount in the realization of thin films with chemically and electronically tuned properties. Such two-dimensional systems are subject to two major forces that dictate the resulting overlayer structure: adsorbate-substrate and adsorbate-adsorbate interactions. In cases where the adsorbatesubstrate interaction is defined by strong chemical bonds, the formation of ordered overlayers is governed primarily by adsorption site, adsorption geometry, etc. In cases where the adsorbate-substrate interaction is weak, intermolecular forces dominate and can lead to useful and rational architectures based on intramolecular functionality.
The specific spatial arrangement of key chemical functional groups for adsorbed molecular species has been shown to lead to self-assembled, ordered, surface-bound structures for a wide variety of organic molecules. What has furthermore been demonstrated is that molecular chiral centers to which functional groups are attached are capable of steering the formation of ordered structures with stereospecificity.
1 Specifically, lateral interactions between these molecules can induce two-dimensional organization and impart global chirality when confined to a surface. These studies include, but are by no means limited to, the metal-organic interfaces of enantiomers of carboxylic acids 2, 3 and amino acids. [4] [5] [6] For example, for the adsorption of (R)-alanine on Cu(100), it was determined that the molecular films were stabilized by hydrogen bonding between surfacebound species. 7 These results indicate that molecule-induced surface chirality can be employed as a means to create directed arrangements of adsorbates on metal surfaces. All of these examples describe the chemisorption of chiral molecules onto achiral surfaces, an act that, in each case, results in organizational chirality at the global level. In strict terms, organizational chirality in the global sense requires that only one unique chiral domain is created and sustained over the entire surface.
1 Further, the following three requirements must be met in order to sustain true global chirality: (1) intrinsically chiral modifiers (2) adsorbed to the surface in a rigid and defined geometry (3) and lending to directional and anisotropic lateral interactions. 1 A natural extension of studies involving two-dimensional enantiopure films is the deposition of racemic mixtures onto surfaces. Several such studies have been carried out to date and the reported results can be generally grouped into two potential outcomes: separation of enantiomers into independent domains that retain the relative chiral structures observed as a result of independent adsorption of enantiomers, and enantiomeric mixing. For the first case, i.e., separation of isomers into enantiopure domains, a few systems have been reported to exhibit this behavior: phenylglycine/Cu(110) 8 and a biphenyl formamide/ HOPG. 9 In contrast, the formation of racemic or pseudoracemic adlayers has also been observed in a fair number of cases. Recall that true racemic mixtures contain both enantiomers in equal proportions in the unit cell; a pseudoracemic layer is composed of both enantiomers, but the chirality within the adlayer is random at all length scales. Such systems include alanine/Cu(110), 10, 11 alanine/Cu(100), 10 a phenyl benzoate/HOPG (liquid/solid), 12 9,10-diiodooctadecan-1-ol/ HOPG, 13 and 9,10-diiodooctadecanoic acid/HOPG. 14 In fact, the unit cells of alanine/Cu(100), 10 9,10-diiodooctadecan-1-ol/HOPG, 13 and 9,10-diiodooctadecanoic acid/HOPG 14 consist of both enantiomers in a 1:1 ratio. 6-Nitrospiropyran/Au(111) is an interesting system, wherein two-dimensional adlayer domains formed from a racemic mixture are composed of one-dimensional homochiral chains. 15 Similarly, the formation of homochiral cysteine pairs on Au(110) has been reported upon annealing the racemic agglomerates. 5 Finally, prochiral dicarboxystilbene forms both homochiral and racemic (1:1) domains on Cu(110). 16 Presented in this work is the study of a classic chiral molecule, tartaric acid (C 4 O 6 H 6 ), adsorbed on Ag(111) in the form of both enantiopure monolayers as well as binary films of enantiomers resulting in locally racemic domains. It has been shown experimentally that chiral domains of this molecule form upon chemisorption of enantiopure forms of the tartrate on the (111) and (110) crystal planes of Cu and Ni. 2, 3, 17, 18 Density functional theory (DFT) calculations and kinetic Monte Carlo simulations confirm these results, 19, 20 and very recently determined the reaction mechanism. 21 In other words, films composed of pure (S,S)-or (R,R)-tartaric acid represent nonsuperimposable mirror images of each other, just as the enantiomerically pure solids. The logical conclusion, then, is that the internal chiral centers must control, to some extent, the overall organization of the film. Considering that constituents that are attached to the chiral centers are not involved in bonding to the surface, global film chirality must then be controlled by intermolecular hydrogen bonding at chiral centers. Notably, in contrast to the relevant tartaric acid literature, it was proposed that intramolecular hydrogen bonding contributed to the stability of the bitartrate adsorbed on Cu(110). 20 To date, just two instances of adsorption of tartaric acid from a racemic mixture have been reported in the literature. 22, 23 Low energy electron diffraction (LEED) results indicate that domain organization on Cu(110) is highly coverage dependent: at low coverages, the films separate into enantiomorphous domains of bitartrate species, and at higher coverages a racemic lattice that is composed of monotartrate adsorbates is proposed. 23 This separation of enantiomers into homochiral bitartrate domains upon adsorption of racemic tartaric acid onto Cu(110) at low coverage was confirmed recently with scanning tunneling microscopy. 22 Both studies indicate that a strong molecule-surface interaction precludes the formation of racemic overlayers despite the natural affinity between opposite handed enantiomers. 24, 25 In contrast to the chemisorption to Cu and Ni surfaces, tartaric acid enantiomers are only weakly bound to Ag(111). 26 It has been shown that tartaric acid enantiomers on Ag(111) experience intermolecular interactions that give rise to a sufficiently rigid adsorption geometry, allowing for the realization of global organizational chirality in a similar fashion to what has been observed for molecules with a strong interaction with the underlying surface. [26] [27] [28] The goal of the present study is to determine the exact influence of molecular chirality on twodimensional organization in the absence of strong chemical bonds to the surface. To further understand the stability and formation mechanism of the single component, enantiomerically pure domains, detailed low-temperature scanning tunneling microscopy (STM) studies were performed regarding the concurrent adsorption of both (S,S)-and (R,R)-tartaric acid enantiomers onto Ag(111). Presented is a comparison of mixed enantiomer films formed via two different deposition methods: serial deposition of enantiomers versus simultaneous deposition from a racemic mixture. It will be shown that serial deposition results in the formation of homochiral domains that adopt the same two-dimensional structure as the enantiopure films. In contrast, films formed from a racemic mixture of tartaric acid enantiomers do not laterally separate into homochiral domains under the deposition conditions considered. Each type of film is composed of unique fundamental molecular units, the identity of which will be addressed in terms of a new, enantiomeric heteropair basis for the racemic films. Gas-phase density functional theory computations support a (R,R)/(S,S) heteropair as the basis for the racemic films. The formation of the two different types of domains will be discussed in terms of a stereochemically driven mechanism that defines not only lateral interactions, but also molecular orientation relative to the surface.
These results indicate that internal molecular structure, namely chirality, can be utilized in the realization of directed twodimensional organization.
Experimental and Computational Methods
All experiments were carried out in an ultrahigh vacuum (UHV) system (base pressure 7.5 × 10 -11 Torr) that is described in great detail elsewhere. 29 Briefly, the UHV chamber is equipped with a custom-built variable and low-temperature scanning tunneling microscope (STM), a high energy ion gun (Omicron NanoTechnology GmbH) and electron bombardment heater for sample preparation, and low energy electron diffraction (LEED) optics (Omicron NanoTechnology GmbH) for sample characterization. The Ag(111) single crystal (MaTecK, GmbH) was prepared by noble gas ion sputtering (Ar + , 1 keV, I sputter ≈ 3.5 µA/cm 2 ) followed by annealing at 800 K. STM and LEED routinely confirmed the preparation of a clean, wellordered Ag(111) surface. Solid (R,R)-, (S,S)-, and DL-tartaric acid (enantiomerically pure: Fluka, g 99.5%, g 99.0%; racemic: Aldrich, 99%) crystals were used as received and without further purification. Differentially pumped glass vials (MDC Vacuum Products) separated from the main UHV chamber by gate valves were used for line of sight, solid-source dosing. These sources were mounted in two positions on the UHV chamber, allowing for sequential dosing as described herein, with the mouth of each doser mounted approximately 8 in. away from the sample surface. All forms of tartaric acid were degassed at 385 K for several hours prior to dosing, and exposure to the Ag(111) was carried out only after the crystal cooled to ∼320 K. Typical exposure times of 150 s for the tartaric acid solid heated to 385 K (resultant background pressure during dosing: P UHV ∼ 2 × 10 -9 Torr) resulted in surface coverages of <1 monolayer (ML) as determined by STM.
All STM images presented herein were obtained at room (300 K) or low (83 and 17 K) temperature under constant current conditions and with the sample biased relative to the tip. Mechanically cut 90% Pt/10% Ir tips were prepared in situ on a bare metal surface via controlled tip crashes, short voltage pulses in tunneling ((5 V), and high voltage (+200 V) field emission junctions. Image processing was performed with WSxM, a free application developed by Nanotec Electronica S.L. 30 Plane-wave (periodic boundary) calculations were carried out in the DFT code PWscf, 31 using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional as implemented in the generalized gradient approximation (GGA) and RRKJ-type ultrasoft pseudopotentials. The plane-wave kinetic energy and charge density cutoffs for all calculations were 36 and 288 Ryd, respectively. All parameters (i.e., cutoff energy, k-points, vacuum spacing) were chosen such that they were individually converged to 1 meV/atom. Structures were considered fully relaxed when the interatomic forces on all atoms were reduced to 0.01 eV/Å or less.
Independent optimization of the structures of both the clean Ag(111) slab and the gas-phase tartaric acid molecule were completed prior to performing the molecule/surface and molecule/ molecule interaction studies. Prior to construction of the slab, bulk Ag parametrization (i.e., cutoff energy and k-points) yielded a lattice parameter of 4.21 Å. The clean Ag(111) surface was modeled by using a 64 atom slab, which contained four atomic layers composed of 16 atoms per layer. A 6 × 6 × 1 Monkhorst-Pack k-point mesh generation scheme yielded a set of 20 symmetry-irreducible k-points. The clean Ag(111) supercell utilized 20 Å of vacuum space in the Z direction to accommodate tartaric acid molecules in a standing up geometry. The positions of all Ag atoms in the bottom two layers of the slab were fixed at the calculated bulk positions, while the positions of the atoms in the top two layers were allowed to relax freely. Geometry optimization of the slab resulted in a compression of the top two layers in the Z direction to experimentally measured values. 32 Relaxation of isolated gas-phase (S,S)-and (R,R)-tartaric acid molecules were carried out with a single k-point at the high symmetry Γ point. Structural optimizations of single enantiomers resulted in geometries that were consistent with published experimental 33, 34 and theoretical 35 results. The molecules are stabilized by an intramolecular hydrogen bond that forms between the O atom of the terminal carboxylic acid group and the H atom of the internal hydroxyl group attached to the adjacent chiral center. Two of these interactions occur within a single molecule, and the planar five-membered rings that form at the termini (
adopt a trans conformation with respect to one another.
All images of computational results presented herein were prepared with use of XCrySDen, a free application developed by Anton Kokalj.
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Results and Discussion
Experiments were carried out in two parts and what follows is a comparison of dual component films that were formed from two different growth procedures. The first type of mixed enantiomer film was grown by what will be referred to as serial exposure: clean Ag(111) was first exposed to (S,S)-tartaric acid, then, upon cessation of the (S,S)-tartaric acid flux, the resulting surface was exposed to a dose of (R,R)-tartaric acid. The second type of dual component film was deposited via an alternate method: exposure of the clean Ag(111) crystal to a racemic (50: 50) mixture of the two enantiomers. Herein, films grown by the former procedure are called serial films, and those formed by the latter are referred to as racemic films.
Low-Temperature Scanning Tunneling Microscopy. Previous LEED and room temperature STM results showed that enantiopure films of tartaric acid are weakly bound to the Ag(111) substrate. 26 Room temperature STM studies for the racemic films confirm the same behavior, namely mobile domains whose perimeters are easily perturbed by repeated scanning of the STM tip. Therefore, in an effort to elucidate the molecular-level structure in the absence of thermally induced motion, the dual-component tartaric acid monolayers were imaged at cryogenic temperatures. Figure 1 displays lowtemperature (83 K) topographic STM images that provide a direct comparison between the two different types of (S,S)-/ (R,R)-tartaric acid films formed from the two different codeposition procedures. It is observed that films formed from serial deposition (Figure 1a) are composed of homochiral domains that adopt the same organizational structure as the single component films. The relative chirality of the (S,S)-and (R,R)-tartaric acid domains is evidenced by structural modulation bands that arise for the enantiopure films. 26 These features, whose directionality are enantiomer dependent and, therefore, are a signature of a specific chiral arrangement for this system, are the result of a mismatch between the tartaric acid and the Ag(111) lattice and the spacings between the bands are sensitive to the local molecular density. The bright area between the two enantiopure domains is most likely the result of domain growth overlap, but the presence of separate chiral domains indicates that the formation of a single tartaric acid layer is preferred to direct multilayer growth.
In contrast to the serially grown mixed enantiomer film, it is clear that the racemic monolayer does not exhibit the same structural features (Figure 1b) . In addition to the observation of numerous vacancy sites (small depressions), multiple small domains exist whose randomly oriented boundaries often terminate at or near Ag(111) step edges. Large domains are only observed on large terraces away from silver step edges, though the vacancy sites persist throughout the film. It is unlikely that these vacancy sites are related to defects in the underlying Ag(111) substrate because the defect density within the adsorbate film is far greater than that observed for the clean Ag(111) surface. No such irregularities are observed within the enantiopure domains, which are in fact defect free for several tens of nanometers. Furthermore, a weak molecule-surface interaction and lack of registry between the tartaric acid films and the underlying metal lattice preclude any such relation for the two types of defects.
A prominent difference between the two films (i.e., serial versus racemic) lies in the respective structural modulation bands. Figure 2 is a comparison between an enantiopure domain of (S,S)-tartaric acid (Figure 2a ) and one of DL-tartaric acid (Figure 2b ). The presence of identical modulation bands in the serial films indicates that the adsorbate structure is the same as that for the enantiopure depositions, so for simplicity only a single component enantiopure film will be considered here. The serial films exhibit parallel bands of consistent spacing and alignment that are present throughout the entirety of the film (43 Å for this particular domain); however, the racemic domains do not appear to exhibit the same long-range structural order. Referring specifically to the bright, near vertical features identified by arrows in Figure 2b , the spacing between adjacent bands here is aperiodic: from left to right, the spacings are 118, 104, and 42 Å. Following the conclusion that the modulation bands of the pure films are structural in nature (a result of changes in local packing density as opposed to standing wave patterns generated from the Ag(111) surface state scattering), 26 the differences in modulation features between the two films must also be due to inherently unique structural assemblies.
In addition to differences in long-range ordering of the two types of monolayers, there is a distinct topographic contrast relative to the clean Ag(111) terraces that is specific to the composition of the domains. The racemic films appear as a topographic protrusion (∆h ) 1.07 ( 0.10 Å) relative to the clean Ag(111) surface (Figure 2b ) while the enantiopure films image as depressions relative to the Ag terraces (Figure 2a , ∆h ) -0.30 ( 0.02 Å). Because STM is a convolution of structural and electronic features for a given system, it is clear that domain specific contributions to the local density of states lead to differences in the STM topographic contrast. 
molecule, namely end-to-end or end-to-side, leading to two different absolute orientations on the surface. This arrangement results in an enantiopure unit cell with a p2 surface space group, the average dimensions of which are corroborated by LEED measurements. 26 The (R,R)-and (S,S)-tartaric acid/ Ag(111) unit cells are mirror images of one another, and serve as further evidence that internal molecular chirality is preserved upon adsorption to the Ag(111) surface.
Though each image corresponds to an identical scan size, only five unit cell widths are observed for the (S,S)-tartaric acid (Figure 3a) , while six unit cell widths are observed for the (R,R)-tartaric acid (Figure 3b) . In this instance, the packing density of the (R,R)-tartaric acid film is greater than that of the (S,S)-tartaric acid and is such that individual molecules cannot be resolved along the entire unit cell. This variation in local coverage supports the assertion of a weakly bound adsorbate that does not exhibit a preference toward any single binding site with respect to the underlying Ag(111) lattice.
The orientation of the tartaric acid molecules relative to the Ag(111) substrate can be deduced from the high-resolution topographic STM data. The size and shape of the features measured from the data indicates that the molecules interact with the silver surface such that the plane defined by the fourcarbon backbone is parallel to the plane of the underlying surface. Additionally, because molecular chirality is transferred to global film chirality, intermolecular interactions must involve at least one chiral center. This in turn leads to the assertion that the internal hydroxyl groups must be oriented away from the surface and toward the vacuum such that they are available for the formation of lateral intermolecular hydrogen bonds. A topdown view of the proposed adsorption geometry for both the enantiopure (S,S)-and (R,R)-tartaric acid domains is depicted in Figure 3c . A potential O-H · · · O interaction is highlighted for both enantiopure films. Note that this image is presented for diagrammatic purposes only and does not represent the result of density functional theory simulations.
A high-resolution STM image of the film that was grown by sublimation of the racemic mixture is presented in Figure 3d . At this length scale, it becomes increasingly obvious that the molecular level structure does not correspond to that observed after deposition of the enantiopure molecules. Instead, each bright feature appears to be a pair of tartaric acid molecules. Two experimental observations support this conclusion: first, each feature (10.15 ( 0.11 Å long) appears to be comprised of two smaller features (5.08 ( 0.11 Å diameter) and, second, smaller apparently unpaired features (5.66 ( 0.15 Å diameter) exist at the periphery of the domains. These monomers are most likely the result of either slight enantiomeric excess in the sublimated racemic tartaric acid crystals or, more likely, an imbalance or variation in the local distribution of enantiomers.
A side-on view of the proposed adsorption geometry for the pairs of features observed in these films is depicted in Figure  3e . In contrast to the molecular geometry observed in the enantiopure films, for racemic tartaric acid films the plane of the molecule defined by the carbon backbone is oriented perpendicular to the plane of the surface. Again, this image does not represent the result of DFT simulations but rather is presented to illustrate the orientation of the tartaric acid molecules with respect to the Ag(111) surface that is inferred from the experimental evidence.
It is observed that the paired molecular basis for the racemic films adsorbs in such a way that numerous relative orientations are possible, allowing for the creation of several different domain ordering schemes in addition to the one described in Figure 3c . Similar observations were made for a series of two-dimensional crystals of anthrone (C 14 H 10 O) derivatives physisorbed onto a graphite surface. 38 Figure 4 depicts three such unique cases observed concurrently in the racemic tartaric acid films that are the result of competing interactions between new paired basis units. In the first case (Figure 4a ), three different crystalline domains are shown that order in one of two ways. The smaller domains on the right side of the image are composed of perfectly aligned features, while the larger domain on the left is not. Aside from an apparent shift corresponding to one-half of the unit cell, the boundary between the uniform domains is nearly perfect, while the boundary between the ordered and "disordered" domains lacks an organized structure. The area enclosed by the small box is enlarged in Figure 4b and highlights further evidence for enantiopairing: the small vacancies observed within the uniform domains appear to be composed of a single molecular feature and a single vacancy site. Figure 4c depicts another frequently observed pattern composed of regions where the orientation of neighboring features changes very frequently, creating a herringbone-like pattern. The boundary between the two visible domains again lacks any discernible order. Figure 4d displays the third kind of domain observed, namely a region composed mainly of one type of feature (similar to that shown in Figure 4b ), but containing mirror planes running diagonally across the image. Considering that each of the bright features is a molecular pair, i.e., a tartaric acid dimer, it is possible that the relative orientation of the two molecules can be reversed along the mirror plane, creating a corresponding reversal of the unit cell and, therefore, of the overall domain organization. However, this reversal is not observed to persist for more than a few unit cells (in the direction perpendicular to the mirror plane) before a similar mirror plane is encountered, resulting in a net bulk organization of a single direction. Similar results have been reported for the adsorption of heptahelicene (C 30 H 18 ) molecules on Cu(111).
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Although the enantiospecific identity of the tartaric acid pairs cannot be resolved with STM topographic imaging, it can be inferred that the unique basis unit is composed of both an (S,S)-and an (R,R)-tartaric acid molecule. Bulk racemic tartaric acid is a true racemic compound: in the three-dimensional solid, both enantiomers are present in a 1:1 ratio in the unit cell. 24 Such a stoichiometry indicates that a single enantiomer possesses a greater affinity for the opposite enantiomer than for the identical one. In fact, this is true for 90-95% of all racemic compounds. 25 It follows that when confined to two dimensions, as on a surface, for example, the interaction between opposite enantiomers will dominate and the film will be composed of enantioheteropairs. Additionally, separation into homochiral conglomerates is not observed upon adsorption of racemic tartaric acid onto Ag(111) and this fact serves as an indication that a novel basis unit is the cause. Despite reports in the literature of enantioseparation, 8, 9 the formation of racemic or pseudoracemic adlayers has also been observed in several cases. [10] [11] [12] [13] [14] 40 In fact, the unit cells of alanine/Cu(100), 41 9,10-diiodooctadecan-1-ol/HOPG, 13 and 9,10-diiodooctadecanoic acid/HOPG 14 consist of both enantiomers in a 1:1 ratio. The lack of long-range order for the racemic film, in comparison to what has been observed for enantiopure tartaric acid on Ag(111), indicates that there is relatively weak interaction between the tartaric acid pairs as well as with the underlying Ag(111) surface. For the enantiopure tartaric acid films, the chiral centers steer the formation of an organized structure along two major directions resulting in a hydrogen bonded network with stereospecificity. In contrast to this, the chiral centers in the individual tartaric acid molecules for the racemic film direct the formation heteropair dimers but not extended order on the surface. To further support the conclusions regarding molecular orientation and relative strength of interadsorbate interactions, analysis of an enantiopure, (S,S)-tartaric acid film with the growth of a second molecular layer is presented in the Supporting Information.
Density Functional Theory Modeling. Enantiopure Tartaric Acid Adsorption Geometry. In an effort to confirm the adsorbate geometry of enantiopure tartaric acid films deduced from STM studies, density functional theory (DFT) was used to model single, isolated tartaric acid adsorbates on a Ag(111) surface. Results describing potential adsorption geometries of single (S,S)-tartaric acid enantiomers on Ag(111) are summarized in Figure 5 . The corresponding data for (R,R)-tartaric acid, which show the same trend, are shown in the Supporting Information.
Although the molecule is believed to be oriented with its molecular axis parallel to the surface and with the internal OH groups pointing toward the vacuum, four different potential geometries were considered. The naming convention presented here is based upon both the orientation of the molecular axis relative to the plane of the surface and the orientation of the chiral OH groups with respect to the surface. For the first geometry, SS1, the internal OH groups lie in a single XZ plane (a plane that is perpendicular to the plane of the surface). The second geometry, SS2, is a "standing up" geometry, whereby the interaction between the molecule and the surface occurs through one of the terminal carboxylic acid groups. The final two geometries consider both the four-carbon backbone and the internal hydroxyl groups in an XY plane parallel to the plane of the surface but differ in the interaction with the surface: SS3 lies with the OH groups oriented toward the surface and SS4 lies with the OH groups oriented away from the surface (toward the vacuum). It follows that SS4 corresponds to the geometry assignment deduced from the experimental results. Because the molecule-surface interaction is believed to be very weak, initial geometries (i.e., geometries prior to relaxation) were chosen such that the molecule was centered in the XY plane of the supercell, rather than placing the molecule at or near a specific adsorption site. In each of the four cases, the initial distance between the topmost silver layer and the nearest atom of the tartaric acid molecule was approximately 2 Å. The molecules were centered in the supercells such that the distance between the respective centers of mass was 12 Å, resulting in a minimum separation between nearest atoms of isolated TA adsorbates in neighboring supercells of 6 (SS1) to 9 Å (SS2). Figure 5 shows the results for the four previously described (S,S)-tartaric acid geometries, along with the final adsorption enthalpies of the relaxed structures. In each case, upon relaxation the molecule moved away from the surface and toward the vacuum, increasing the molecule-surface distance to between 2.8 and 3.5 Å (where the final Ag-tartaric acid separation is again measured between the topmost silver layer and the nearest atom of the molecule). The molecules, in general, retained their gas-phase geometry, whereby the lone O atom of the terminal carboxylic acid group and the OH group on the adjacent chiral carbon form a five-membered ring through an O-H · · · O interaction. The planes containing the two five-membered rings retained their trans configuration with respect to one another, although the angle changed slightly over the course of the relaxation, presumably to minimize the atomic forces that occur upon interaction with the Ag(111) surface.
The adsorption enthalpies (∆H ads ) indicate that the most energetically favorable structure in both cases is the standing up geometry, a result that does not corroborate the conclusions made from the experimental data. Although accurate structures are routinely predicted for strong-binding systems (i.e., chemisorption), it is well-known that approximate-functional DFT is unable to correctly reproduce weak van der Waals interactions (i.e., induced dipole-dipole interactions, ∼0.1 eV or less). 42 Therefore, the differences in calculated enthalpies between any two of these structures, due to their small magnitudes, cannot be considered accurate 43, 44 or trustworthy and no concrete conclusions can be made regarding preferential adsorption geometries for the tartaric acid/Ag(111) system. The results are valuable, however, as they reinforce the assertion of a decidedly small molecule-surface interaction. Because the structure of the films must in turn be dictated by intermolecular hydrogen bonding (i.e., permanent dipole-dipole interactions), which is significantly stronger (g0.1 eV) than van der Waals interactions, we postulate that in the limit of domain growth and interaction with nearest-neighbors, the lowest energy configuration for the molecule would change in order to maximize hydrogen bonding interactions between chiral centers.
Racemic Tartaric Acid Pair Identity. Gas-phase pair identity density functional theory simulations were carried out in an attempt to identify the composition of the paired features observed in the racemic tartaric acid films. The pair calculations that are presented in this section aim to predict interaction energies that are based upon much stronger forces (hydrogen bonds) than those discussed in the previous section (van der Waals forces), therefore the study was undertaken despite the previous results. For these gas-phase pair calculations, the distance between the closest atoms in neighboring supercells is 7 Å or more. Both homopairs (like enantiomers) and heteropairs (unlike enantiomers) were considered in each of three potential interaction schemes: internal OH/OH interaction, internal OH/H interaction, and internal H/H interaction. A complete data table for the calculated pairing enthalpies is shown in the Supporting Information. For each relaxed structure the number and calculated length of reasonable intermolecular hydrogen bonds was determined along with the total pairing energy (relative to two molecules at infinite separation). For this study, an H · · · O interaction was considered to be a probable intermolecular hydrogen bond if the distance between the two atoms was 2 Å or less. For cases where no intermolecular hydrogen bonds were formed the intermolecular distance corresponds to the shortest distance measured between the two molecules (but not necessarily O · · · H distances). Upon the formation of four new intermolecular hydrogen bonds, the most energetically favorable structure is the (R,R)-/(S,S)-tartaric acid heteropair shown in Figure 6 .
A plot of the total energy versus number of hydrogen bonds formed for the previously described gas-phase tartaric acid pairs (P1 through P9 corresponding to the data table and structures presented in the Supporting Information) is shown in Figure 7 . The general trend is that the pair binding energy increases (i.e., becomes more exothermic) proportionally as the number of intermolecular hydrogen bonds per pair increases. Attempts were made to elucidate energetic trends based upon other criteria, such as the formation of closed intermolecular rings, but no obvious correlations could be identified. For instance, P2 forms a single intermolecular hydrogen bond, while the structure described by P4 contains two hydrogen bonds that can be visualized as forming a ring structure. The path of the ring structure is as follows:
where the terminal H and O atoms in this chain are also interacting via a hydrogen bond with one another. Because the final energies of P2 and P4 are identical, no stabilization via ring formation can be deduced.
The most exothermic structure that results from the calculations is the (R,R)/(S,S)-tartaric acid heteropair oriented with the internal hydroxyl groups in such a way that four intermolecular hydrogen bonds are formed. The binding energy of this pair corresponds roughly to what is expected for the formation of four new hydrogen bonds (about -0.1 eV per H · · · O interaction). Therefore, it can be concluded that the molecular basis unit for the racemic films is indeed composed of a pair of opposite tartaric acid enantiomers. This finding is corroborated by both the enantiopairing that takes place in three-dimensional DL-tartaric acid crystals and the lack of separate enantiopure domains in the STM images.
Conclusions
A comparison of dual component tartaric acid films on Ag(111) that were formed from two different growth procedures has been made. Low-temperature scanning tunneling microscopy has shown that the long-range film organization resulting from the two different deposition procedures is dictated by intermolecular hydrogen bonding in the limit of a weak interaction with the surface. For enantiopure films, the chirality of the tartaric acid molecule is transferred to global film chirality despite the lack of a rigid and well-defined adsorption geometry. Exposure of the Ag(111) surface to a racemic tartaric acid mixture does not result in the formation of homochiral conglomerates; in contrast, the two-dimensional films reflect the true racemic nature of the three-dimensional solid. Density functional theory confirms that the racemic films are composed of a new heteropair basis, an effect that results from the enhanced affinity between opposite handed tartaric acid enantiomers. Figure S4 in the Supporting Information. The most energetically favorable pairing interaction is between two opposite enantiomers where hydrogen bonding involves internal hydroxyl groups as shown in Figure 6 (P7).
